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Recent evidence for anomalous CP violation in B-meson oscillations can be interpreted as resulting 
from CPT violation. This yields the first sensitivity to CPT violation in the Bg system, with the 
relevant coefficient for CPT violation constrained at the level of parts in lO'^^ . 
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Experimental studies of spacetime symmetries involv- 
ing the discrete transformations under charge conjuga- 
tion C, parity inversion P, time reversal T, and their 
products CP and CPT have played a major role in es- 
tablishing the Standard Model (SM) of particle physics. 
All these symmetries are knovifn to be broken except 
CPT, and their description in terms of the SM has 
been in excellent agreement with laboratory experiments. 
Among the most powerful tools available for investiga- 
tions of these symmetries are the neutral-meson systems, 
in which particles and antiparticles mix interferometri- 
cally and thereby offer high sensitivity to deviations from 
exact symmetry. 

The DO Collaboration has recently presented data sup- 
porting an anomalous like-sign dimuon charge asymme- 
try in i3-meson mixing [l|, |2|, interpreting it as evi- 
dence for CPT-invariant CP violation beyond the SM. 
Here, we show that this anomalous asymmetry could also 
arise from T-invariant CP violation in B'^-B^ mixing. A 
CPT-violating effect in i?-meson mixing was predicted 
some time ago Q as potentially arising from spontaneous 
breaking of Lorentz symmetry in an underlying unified 
theory j^], and the usual requirement of CPT-invariant 
CP violation for baryogenesis Q can be evaded in this 
context Q. The B^-B^^ system is of particular inter- 
est for studies of CPT violation because several com- 
plete particle-antiparticle oscillations occur within a me- 
son lifetime Q . As part of the analysis here, we show that 
the anomalous like-sign dimuon charge asymmetry offers 
sensitivity to CPT breaking, and we use this asymmetry 
to obtain the first quantitative measure of CPT violation 
in the -B°-B° system. 

An appropriate framework for investigating CPT vi- 
olation in neutral mesons is effective field theory. In 
this context, CPT violation is necessarily accompanied 
by Lorentz violation Q. We can therefore work here 
within the comprehensive effective field theory describing 
general Lorentz violation at attainable energies known as 
the Standard-Model Extension (SME) p|. Each CPT- 
violating term in the SME Lagrange density is the prod- 
uct of a CPT-violating operator and a controlling coef- 
ficient. The SME contains both the SM and General 
Relativity, so it serves as a realistic theory for analyz- 
ing experimental data for signals of CPT violation. Sev- 
eral SME-based searches for CPT violation with neutral- 
meson oscillations |10l4l3l | and numerous investigations 
using a wide variety of other physical systems [iJI have 
been performed over the past decade. 



The analysis of meson mixing in the SME context re- 
veals the four neutral- meson systems K^-K^, D^-D^, 
B^-B^^, and B^-B^ contain a total of 16 independent 
observables for CPT violation [1^. The corresponding 
16 combinations of SME coefficients are conventionally 
denoted as (Aa^)^, (Aa^)^, (Aa^")^, (Aa^=)^. These 
coefficients are known to be observable only in fiavor- 
changing experiments with neutral mesons or neutrinos 
[16| and in gravitational experiments 17[ . Several exper- 
imental searches have yielded high sensitivities to certain 



components of (Aa^)^, (Aa^)^, and {Aa^")^ [lOHl 
In this work, we report the first sensitivity to the coef- 
ficient (Aa^=)^. We also outline a procedure that could 
improve on this result using the full DO dataset. 

The DO Collaboration measures the dimuon charge 
asymmetry 






N- 



K' 



Nr 



(1) 



where -/V^ and Nf^ represent the number of events in 
which two b hadrons decay semileptonically into two pos- 
itive muons and two negative muons, respectively. One 
measurement of this asymmetry is obtained by correcting 
the raw like-sign dimuon sample for various backgrounds, 
yielding [2] 



4^ = -0.00736 ± 0.00266 ± 0.00305, 



(2) 



where the first error is statistical and the second sys- 
tematic. Combining in quadrature yields an effect at 1.8 
standard deviations. The DO Collaboration also studies 
the inclusive 'wrong-charge' muon charge asymmetry a^j 
of semileptonic decays of b hadrons to muons with charge 
opposite to that of the original b quark. 
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This asymmetry is a measure of CPT-invariant CP viola- 
tion and hence of T violation. Assuming CPT symmetry 
holds and under other mild assumptions such as no di- 
rect CP violation, it can be shown that yl^j = a^j [18| . 
which enables a second measurement of ^^j . This second 
measurement is consistent with no effect at 0.4 standard 
deviations. The final DO result for A^^ is obtained by 
combining the two measurements to minimize systematic 
uncertainties. It reveals a signal 3.2 standard deviations 



away from the SM prediction for CPT-preserving T vio- 
lation, which is 0, [3 



4VSM) = i-2.3tr,) X 10 
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For our present purposes, the second measurement using 
the asymmetry ([3]) and the combined measurement both 
turn out to be irrelevant, so only the first result 1^ for 
Agj is involved in the analysis that follows. 

In this work, we allow for T-invariant CP violation in 
B'^-B^ oscillations. A measure of this CPT violation is 
given by the inclusive 'right-charge' muon charge asym- 
metry A^prp of semileptonic decays of b hadrons to muons 
with the same charge as that of the original b quark. 
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In terms of this CPT asymmetry and the T asymmetry 
([3]), we find the dimuon charge asymmetry A'^^ of Eq. ([T]) 
can be written in the nested form 



a'l-^CPT, (6) 



where the last expression assumes small T and CPT vio- 
lation at first order in the asymmetries. This expression 
reveals that the dimuon charge asymmetry A^^ is sensi- 
tive to CPT violation as well as T violation. In what 
follows, the result ([5]) is used to obtain the first quanti- 
tative measure of CPT violation in the B'^-B^ system. 

For dcfinitcness, we assume the only source of T viola- 
tion is the SM contribution a^i(SM) = A^i(SM) given by 
Eq. Q. Combining with the DO dimuon asymmetry ^ 
yields the value 



yl^p^ = 0.00713 ± 0.00405, 



(7) 



where the DO statistical and systematic errors are com- 
bined in quadrature. Our goal is to interpret this result 
as a measure of CPT violation in i?-meson mixing, and 
in particular in the B'^-B'^ system. 

In general, oscillations of neutral mesons are governed 
by a 2 X 2 effective hamiltonian A ^. The CPT- 
violating contributions to A are controlled by the dif- 
ference AA = All — A22 of the diagonal terms of A, 
while the off-diagonal terms govern T violation. The 
size of CPT violation is unknown a priori. We adopt 
here the wS, formalism for A |15| . which is indepen- 
dent of phase conventions and allows for CPT violation 
of arbitrary size. In this formalism, CPT violation is 
governed by a complex parameter ^ of any magnitude, 
and AA = -(Am + ^iAT)£,. For the B^-B"^ system. 
Am = Arris = fnH ~ "t-l is the mass difference between 
the heavy and light eigenstates, AF = AF^ = F^ — Th is 
their width difference, and the parameter for CPT viola- 
tion is denoted £,s- We also adopt the standard notation 
Xs = Am,/F„ y, = AF,/2F„ 2F, = F^ + F^ . 



Since CPT violation comes with Lorentz violation [8J, 
the complex parameter ^ cannot be a scalar. Instead, it 
must depend on the meson 4-momentum and is there- 
fore a frame-dependent quantity. For example, the ro- 
tation of the Earth relative to the constant vector Aa 
typically generates a variation with sidereal time in ^ 
|2l| . The canonical frame used in studies of CPT and 
Lorentz violation is the Sun-centered frame with coordi- 
nates (r,X,r, Z) [22]. In this frame, the CPT- violating 
parameter ^ = ^(T, p, Aa^J is a function of sidereal time 
T, meson 4-momentum (E(p),p), and the four constant 
SME coefficients Aa^ for CPT violation for the given 
meson system. The explicit functional form of ^ can be 
found using perturbation theory for the SME and is given 
as Eq. (14) of Ref. [ia|- Hermiticity of the Lagrange 
density ensures the reality of AA, which for the B'^-B'^ 
system implies the condition j/^Re^s + a^slm^s = 0. 

For our present purposes, it suffices to average over 
the sidereal time and the meson 4-momentum spectrum. 
Since the particle distributions from &-hadron decay for 
the Fermilab collider are symmetric in local detector po- 
lar coordinates for DO, the dependence on spatial com- 
ponents {Aa^')j cancels through this procedure. We 
obtain the averaged value 



Im^s 



ys jjAa^^h 
c2 + 2/2 Ts 



(8) 



where 7 ~ 4.1 is the mean gamma boost factor for the 
Sg mesons in the DO experiment. 

Given the result ([8|) , we can extract a measurement of 
(Aa^'')p from the value (O once an expression for A^pj^ 
is known in terms of Im^^- To derive this relationship 
for Aqp^y, we note that 



A'' 



CPT 



R- -R+ 

R- +R+' 



(9) 



where R represents the number of right-sign decays into 
ji X . As measured at DO, these quantities are a sum 
over contributions from the B^-B^^ system, from the B^- 
B^ system, and from all other b hadrons. Labeling these 
three sources as q = d, s, u and using an overbar to 
identify quantities for the b quark, we can write |18| 



R^ 
R- 



= fdTdTJ + hTsFf 4 
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where we denote the production fractions as /,, the time- 
integrated probabilities ioi B ^- B, B ^ B, or direct 
decay of nonmixing states as Tq, and the semileptonic 
decay rates as F^'. 

Taking for definiteness zero direct T and CPT viola- 
tion in semileptonic decays, we have F^' — F^'. It is also a 
reasonable approximation to take F^-* = Pf = Ff,'. Sym- 
metric production implies /^ = fq, while /„ — 1 — fd — fs- 
The absence of mixing for q — u implies T„ = 1/Fu, 
where F„ is the total decay rate for the nonmixing b 
hadrons, which include the B mesons and the b baryons. 



The time-dependent mixing and decay probabilities for 
neutral B mesons in the w£, formalism are given explic- 
itly as Eq. (19) of Ref. [I^- These can be integrated over 
all time t to yield Td and T,. 

For simplicity, suppose the only source of CPT viola- 
tion comes from B^-Bl mixing. Then, integrating the 
probability for i?° -^ B^ over all time t gives Td — 
Zd+f^Td, while the integration for B^ -^ B^ yields 



Ts = ^(^s+ + '2zs-Xslm^s + Zs-Zsoil^Lf)- (H) 

In these equations, we define 
1 1 



Zq± = 



(T^^ITT^' -.o = K + y,)/2/,. (12) 



Applying CPT gives the additional relations Td = Td 

andT, =T,(e. ^-6)- 

Collecting the results, we finally obtain the CPT asym- 
metry 
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We remark in passing that the form of this result 
for ^cpx holds also in the unaveraged case, provided 
Eq. (iSl) is replaced with the complete expression for 
lTa^s{T,p, {Aa ')fi) and the reasonable approximation is 
made that the decays occur over times t negligible com- 
pared to the sidereal variation with T. 

To match the theoretical expression ([T^ to the result 
([7]) obtained from the DO experiment, we adopt the values 
Xd = 0.774 ± 0.008, yd = 0, x^ = 26.2 ± 0.5, y^ = 0.046 ± 
0.027, /rf = 0.323 ± 0.037, and /s = 0.118 ±0.015 [I,!!!]. 
Inverting the expression ((T5)) yields 



Im^s = (2.3 ±1.7) X 10 



-3 



(14) 



We can also extract the desired measurement of the SME 
coefBcient (Aa^" )t for CPT violation, which is 

(Aa^=)T = (3.7 ± 3.8) x lO"^^ Qgy, (15) 

where F^ = (4.47 ± 0.08) x lO^^^ GeV [H. This corre- 
sponds to the bound 



3.8 X 10"'^ < (Aa^^T < 1-1 X 10 



(16) 



at the 95% confidence level. 

The value (|15p represents the first sensitivity to CPT 
violation in the -Bg --8° system. The result (1141) for Im ^^ 
is consistent with no effect at 1.4 standard deviations, 
which is a reasonable result given the size of the sys- 
tematic errors in the basic DO asymmetry ^ and the 
SM-corrected asymmetry ([7]). The fractional error on 
the coefficient ( Aa^= )t for CPT violation is greater, due 
primarily to the comparatively large uncertainty in the 
value of Us- 



For the DO study of CPT-invariant CP violation, the 
signal of 3.2 standard deviations was obtained by reduc- 
ing the systematics on ^^j by combining the result ^ 
with an independent measurement of a|[. We observe 
here that a similar technique could be used in the present 
context of CPT violation. The basic idea is to reduce the 
systematics by combining the result ([2]) for A^j with an in- 
dependent measurement of CPT violation. The relevant 
quantity for the latter measurement is the asymmetry 
^Qprp for inclusive 'right-charge' muon semileptonic de- 
cays defined in Eq. ([S])- The overall CPT reach including 
the result ([15]) might be substantially sharpened via this 
method. However, extracting the asymmetry ^pp-p re- 
quires access to the full DO dataset and hence lies outside 
our scope. 

For a neutral meson containing valence quark qi and 
antiquark q2, the observable Aa^ is given by Aa^ ~ 
''91 "?/ ~ '^92 ^'jj' ■ The coefficients ajl , a1^ appear in the 
SME Lagrange density in terms of the form —ajjj'y'^q for 
each quark q, while r^^ and r^^ are quantities of order 
one arising from quark-binding and normalization effects 
[3|. The value of Aa^ is then primarily determined by 
the heaviest valence quark. Note this implies that the 
zero-sum rule 



(Aa^)^-(Aa^'')^ + (At 



B^,\ 







(17) 



holds to a good approximation. 

For B^-B'^ mixing, the BaBar Collaboration has ob- 
tained the measurement |l3{ 

(Aa^<')T-0.30(Aa^'')z = 

(-3.0 ± 2.4) X IQ-^^Amd/ATd) GeV. (18) 

The ratio Amd/ATd > 10.6 in this case [231, so this 
measurement is compatible with the result ([T5)) and the 
zero-sum rule ([17]). For the D^-W system, the FOCUS 
Collaboration has obtained the measurement |12| 

(Aa^)T-0.60(Aa^)z = 

(1.8 ±3.0) X 10-^^{AmD/ATD) GeV. (19) 

The ratio Amol ATo ~ 0.6 is smaller here, yielding an 
improved sensitivity [2j] , albeit to effects involving other 
quark flavors and SME coefficients. Several results have 
also been obtained for the K^-K° system. By study- 
ing different processes, the KLOE Collaboration has ob- 
tained the independent measurements |11 | 



(Aa^)T = (0.4 ± 1.8) X 10"^^ GeV, 
{Aa^)z = (2.4 ± 9.7) X 10"^^ GeV. 



(20) 



Using data from the Fermilab E773 experiment [2J], a 
constraint of 

\{Aa^)T - 0.60(Aa^)z| < 5 x lO'^i QeV (21) 

has also been obtained [215 • These values are all compat- 
ible with the result (ITSI) and the zero-sum rule ([T7)) . 



More general analyses of the DO data could in principle 
be countenanced. Given sufficient statistics and a good 
understanding of the spectrum, the spatial coefficients 
(Aa^=)j for CPT violation could be measured and dis- 
entangled by combining a search for sidereal variations 
with spectral analysis. Sidereal sensitivities have alr eady 
been obtained by KTeV [3, KLOE flT^, FOCUS fl^, 
and BaBar 13|. All the sidereal results are compatible 
with the result (fTSl) . 

Another option for future investigation is to allow for 
nonzero contributions from lm£^^ in the B^-B'^ system 
simultaneously with ones from Im^g. This requires a 
nonzero value of yd- With both effects present, and aver- 
aging over 4-momentum and sidereal time as before, the 
asymmetry (|13|) acquires a term in the numerator propor- 
tional to Ini^c;, while the denominator contains an addi- 
tional term proportional to (Im^^)^. This analysis would 
therefore yield a constraint involving both (Aa^<*)T and 
{Aa^=)T, albeit with a large error due to the current 



uncertainty in the value oi yd- A global fit of this type 
could also combine data from different experiments for 
the B^-B^ and B^-B^ systems. Ideally, information from 
K^-K^ experiments would be incorporated via Eq. PT)) 
to extend further the CPT reach. 

Analyses along these lines are also well suited to 
other ongoing experiments investigating neutral mesons. 
Searches with high statistics and high boost, such as 
those feasible at the LHCb experiment [25 with aver- 
age boost factor 7 ~ 15-20, offer the capability to study 
CPT violation in B mesons with sensitivities unattained 
to date. The results presented here outline a potential 
window for the exploration of physics beyond the SM 
and can serve as an impetus for future studies of CPT 
violation. 
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